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Abstract The same evolutionary forces that cause

diversification in sexual eukaryotes are expected to cause

diversification in bacteria. However, in bacteria, the wider

variety of mechanisms for gene exchange (or lack thereof)

increases the range of expected diversity patterns compared

to those of sexual organisms. Two parallel concepts for

bacterial speciation have developed, based on ecological

divergence or barriers to recombination in turn. Recent

evidence from DNA sequence data shows that both pro-

cesses can generate independently evolving groups that are

equivalent to sexual species and that represent separate

arenas within which recombination (when it occurs),

selection and drift occur. It remains unclear, however, how

often different processes act in concert to generate simple

units of diversity, or whether a more complex model of

diversity is required, specifying hierarchical levels at which

different cohesive processes operate. We advocate an

integrative approach that evaluates the effects of multiple

evolutionary forces on diversity patterns. There is also

great potential for laboratory studies of bacterial evolution

that test evolutionary mechanisms inferred from population

genetic analyses of multi-locus and genome sequence data.
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Introduction

DNA sequence data are increasingly used to characterise

biodiversity, not least in groups of organisms in which

traditional taxonomic approaches have proved of limited

use (Tautz et al. 2003). Bacteria (and other prokaryotes) are

particularly dependent on DNA approaches and particu-

larly challenging for systematics. DNA sequencing of

environmental samples has revealed that only a tiny frac-

tion of bacteria are culturable and amenable to traditional

taxonomic methods (Rappe and Giovannoni 2003). More-

over, extrapolation from available samples indicates that

the true global species richness of bacteria, as defined by

current methodology, could number in the billions (Curtis

et al. 2006). However, although a wealth of sequence data

for bacteria is becoming available, there remain major

challenges in characterising bacterial diversity and under-

standing its evolutionary causes and consequences.

(1) Bacteria offer conceptual challenges to theories of

species and speciation, because of major differences in

their mode of inheritance from typical multicellular

eukaryotes (Gevers et al. 2005). For example, bacteria

are clonal, yet many of them exchange DNA either by

homologous recombination, which occurs most often

between closer relatives, or by horizontal gene transfer,

which can transfer ecologically important genes even

between distantly related strains via plasmids or

transposons (Ochman et al. 2005; Norman et al.

2009). This complexity creates difficulties in applying

concepts of species developed for plants and animals

(Coyne and Orr 2004). Nonetheless, the same basic

processes can cause diversification in bacteria as in

multicellular eukaryotes (Cohan 2001): geographic

isolation (Whitaker 2006), reproductive isolation
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(i.e. genetic mechanisms preventing exchange of DNA,

at least for core genes, Fraser et al. 2007), and divergent

selection (i.e. ecological speciation, Cohan 2001). A

key question in bacteria is to what extent do these

mechanisms act in concert on components of the

genome, to produce diversity units equivalent to

eukaryotic species, rather than acting separately on

different genes.

(2) Most broad-scale environmental surveys have used a

phenetic approach to delimit species, i.e. groups of

individuals separated by sequence divergence above a

certain threshold, now using 1 % for 16S rRNA

(Schloss and Handelsman 2005; Stackebrandt and

Ebers 2006) or 6 % for protein-coding genes (Venter

et al. 2004). This assumes that a single threshold can be

used across all bacteria, for which there is little

theoretical or empirical justification. A more direct

approach is to test for signatures of independent

evolution in patterns of DNA variation and to use

these signatures to infer units of diversity. A few

studies recognised this potential (Acinas et al. 2004;

Whitaker and Banfield 2006), but still relied on

threshold approaches to delimit operational taxonomic

units (OTUs). An alternative approach is to use a

statistical framework for hypothesis testing and esti-

mation of the biodiversity of a sample (Koeppel et al.

2008; Barraclough et al. 2009). Equivalent methods for

optimising evolutionarily significant taxa are needed

for multi-locus and whole genome data as well.

(3) Most broad environmental surveys have relied on

single genes, notably 16S rRNA (Acinas et al. 2004).

Strengths of this approach are that the sequences are

easy to place within the known phylogeny of bacteria.

Weaknesses include reliance on a single gene that

might not reflect more complex patterns of inheritance

(Eisen 2007). The first multi-locus approaches were

developed for pathogenic bacteria (Hanage et al. 2006).

Multi-locus sequence typing is feasible for bacteria that

can be isolated as individuals from the environment, i.e.

by culturing or isolating single cells (Papke et al. 2007),

and increasingly this will incorporate whole genome

sequencing. The cutting edge is to sequence metage-

nomes from whole communities, which provides a vast

treasure-trove of information on functionally interest-

ing genes (Qin et al. 2010). However, it is difficult from

such data to piece together individual genomes suffi-

ciently for evolutionary methods of species delimita-

tion (although future developments might allow

individual genomes to be sequenced even from uncul-

turable isolates).

Here, we discuss theoretical concepts of diversification

in bacteria and how they might be tested using DNA

sequence data. Two parallel evolutionary concepts of

species in bacteria have developed, one focused on eco-

logical divergence and the other on barriers to recombi-

nation. We discuss how these alternative mechanisms

interact in bacteria with varying levels and types of

recombination, and how their relative importance can be

tested. We argue that progress in understanding evolu-

tionary mechanisms generating discrete clustering in bac-

teria requires an integrated approach evaluating both

ecological divergence and recombination. Our intention is

to summarize the current state of the field and to offer ideas

for future progress, which we hope will stimulate microbial

researchers and evolutionary biologists alike: for compre-

hensive recent reviews of bacterial speciation see Achtman

and Wagner (2008), Doolittle and Zhaxybayeva (2009) and

Wiedenbeck and Cohan (2011).

General Concepts

Speciation concerns the splitting of a single gene pool into

two. In sexual organisms, the focus is on interbreeding:

interbreeding maintains cohesion within species but

reproductive isolation allows divergence between them

(Coyne and Orr 2004). Sometimes selection might be

strong enough to allow divergence even with interbreeding.

In this case, divergence might be restricted to genomic

regions linked to genes responsible for, for example, eco-

logical differences among species (Nosil et al. 2009),

unless ecological divergence itself leads as a by-product to

reduced interbreeding. Via either reproductive isolation or

divergent selection, species represent separate arenas for

recombination, selection and drift and therefore evolve

independently: mutations arising within one of the species

do not spread into the second species. In strictly clonal

organisms, recombination never occurs, but selection and

drift maintain cohesion within populations and cause

divergence between them (Cohan 2001; Barraclough et al.

2003). If barriers arise that prevent a genotype spreading

and replacing individuals in a separate population, then this

creates conditions for divergence and the emergence of

distinct genetic and phenotypic clusters. This has been

referred to as demographic (or ecological) non-exchange-

ability (Templeton 1989) or independent limitation

(Barraclough et al. 2003). In this scenario, species consti-

tute separate arenas for selection and drift (Fisher 1930).

Barriers to Recombination

Christophe Fraser, William Hanage and Brian Spratt

developed neutral models of speciation in bacteria with

varying rates of recombination (Fraser et al. 2007). These
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models considered a scenario in which recombination

occurs randomly throughout the genome through homolo-

gous recombination via transformation (Lorenz and

Wackernagel 1994; Vos 2009). All isolates were consid-

ered to be ecologically equivalent. When the recombina-

tion rate is lower than the mutation rate per gene, bacterial

populations are effectively clonal. When recombination

equals or exceeds the mutation rate, bacterial populations

behave as ‘sexual’ organisms with the result that recom-

bination acts to shuffle gene combinations and prevents

individuals within a population from become too geneti-

cally divergent from one another (Doroghazi and Buckley

2010; Keymer and Boehm 2011). Distinct species evolve

only if barriers to gene exchange arise, equivalent to

reproductive isolation in sexual eukaryotes, or if divergent

selection is strong enough to counteract the homogenizing

force of recombination.

This model assumes that there is no divergent selection

on different genotypes and, as with all ecological neutral

models, might not be well supported in natural settings (for

example, typical genetic diversity in bacterial populations

seem too low to be explicable by neutral processes alone

given their large effective population sizes). However, it

provides a null model against which to judge the action of

selection. Furthermore, bacterial communities typically

display a pattern of genetic clustering even when surveyed

with neutral genetic markers such as house-keeping genes

that do not appear to be under divergent selection between

clusters (e.g. Acinas et al. 2004). For clustering to be

observed at such loci in taxa with levels of recombination

above the thresholds indicated by the neutral models of

Fraser et al. (2007), requires either that those marker genes

are closely linked to genes under selection, or that mech-

anisms are present that reduce rates of recombination

between distinct clusters.

One mechanism for reducing gene exchange between

distinct clusters is that the frequency of homologous

recombination declines with increasing genetic distance

(Roberts and Cohan 1993; Zawadzki et al. 1995). In this

scenario, non-recombining groups might emerge sponta-

neously within a population if isolates can diverge enough

genetically for a reduction in recombination rates to occur.

This mechanism alone, however, would not be enough to

explain long-term coexistence of non-recombining groups.

First, it requires that mutation rates are high enough, and

that the decline in recombination with genetic divergence is

steep enough, that gene regions can accumulate sufficient

genetic divergence to reduce recombination rates, while at

the same time recombination is acting to reduce diver-

gence. Empirical evidence indicates that this assumption is

rarely met (Fraser et al. 2007). Second, even if these

conditions were met, if non-recombining groups still

occupied the same ecological niche, then descendants of

one of the groups should displace descendants of the other

group by chance (i.e. drift occurring within the wider

population). Processes of mutation within the wider pop-

ulation might throw out non-recombining groups at a cer-

tain rate, but there would be ongoing turnover of those

groups. Similar effects have been argued for diversification

in metacommunities of ecologically neutral sexual species

(Barraclough 2010).

Multi-locus sequence data for bacteria provide suitable

data for testing for the presence of non-inter-recombining

groups. For example, Didelot et al. (2011) assembled a

dataset sequencing 10 % of the genome from each of 114

isolates of Salmonella enterica. They used population

genetic analyses implemented in the software ClonalFrame

and Structure to identify population structure within the

clade caused by reduced recombination between particular

sub-lineages. Five sub-clades were identified by both

approaches that contained groups of isolates exchanging

genes by recombination within groups but at a lower rate

between groups. They called these groups potential

‘incipient species’. The overall picture of diversity was

more complex, however, as many isolates failed to fall

within one of these distinct groupings and instead shared

genes more widely (including taking up genes from one of

the five sub-clades). This pattern might reflect a tendency

for bacterial diversity not to fall exclusively into readily

distinguishable units based on barriers to gene exchange, or

it might result from recent and ongoing diversification in

this clade (which can yield similarly complex patterns of

ancestry in sexual species complexes via incomplete line-

age sorting).

Balbi et al. (in preparation) have developed an alterna-

tive approach to identifying non-recombining groups of

bacteria. They extended the infinite alleles model of Fraser

et al. (2005) to optimize clades within which there is

recombination but between which there is none, and

implemented it on multi-locus sequence type data for

house-keeping genes from environmental samples of the

Bacillus cereus complex. The method revealed five spe-

cies-like clusters co-occurring at fine-scales within a 100 m

square plot of grassland. The same groupings were recov-

ered in a wider analysis including all isolates from the

online database of Bacillus cereus multi-locus sequence

type data (see also Raymond et al. 2010).

Other mechanisms for preventing gene exchange between

diverging populations have been identified, in addition to the

decay of homologous recombination with increasing genetic

distance. For example, Carrolo et al. (2009) showed how

changes in the control of competence in Streptococcus

pneumoniae—the state in which cells are able to take up

and integrate DNA into their genome by transformation

(i.e. homologous recombination)—are associated with

two co-occurring, but non-inter-recombining groups.
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Competence in S. pneumoniae is controlled by a 17- amino

acid quorum-sensing pheromone called competence-stimu-

lating peptide (CSP). Accumulation of CSP in the medium

induces competence, which includes not only the uptake of

DNA but also the capacity to lyse non-competent cells,

which enhances the release of DNA fragments to be taken up

by competent cells. Several distinct CSPs have been identi-

fied, but most strains produce one of two varieties, CSP-1 and

CSP-2. Cells with one variety are unable to respond to the

other variety of signaling peptide. By comparing the distri-

bution of pherotypes with inferences of gene exchange from

multi-locus sequence data, the existence of two genetically

isolated populations defined by pherotypes was demon-

strated. Moreover, the spread of antibiotic resistance muta-

tions was constrained by these boundaries: resistance to most

antibiotics was restricted to a particular pherotype.

Similar mechanisms might operate to control the trans-

fer of genes by phage-mediated transduction, if isolates

varied in their susceptibility to phage infection. When gene

exchange is under the control of such mechanisms (in

contrast to simply decay in homologous recombination

rates with genetic divergence), it is possible that selection

could strengthen species boundaries. For example, if

recombinant genotypes between two divergent strains

suffered a fitness disadvantage, selection could promote

divergence of control mechanisms to reduce gene exchange

in a manner equivalent to reinforcement in sexual organ-

isms (Coyne and Orr 1997). Alternatively, direct selection

on, for example, signaling molecules to increase efficiency

of communication in different environments might lead as

an incidental by-product to barriers to recombination. The

latter corresponds to the evolution of reproductive isolation

in sexual organisms as a pleiotropic consequence of

selection on ecological traits (Sobel et al. 2010).

One area of opportunity for further understanding the

role of barriers to recombination in bacterial diversification

is experimental evolution. Bacteria have long been the

study organisms of choice for evolution experiments in the

laboratory (Buckling et al. 2009), including studies of

adaptive divergence into ecotypes (Kassen et al. 2004), but

surprisingly few experiments have studied the evolution of

barriers to recombination. Vulic et al. (1999) compared

patterns of recombination between replicate lines of

Escherichia coli evolved for 20,000 generations and

showed how incipient genetic barriers could evolve. Future

studies could use similar approaches to explore the drivers

of barriers to gene exchange. For example, the evolution of

barriers to gene exchange could be compared in lines

experiencing parallel versus divergent selection pressures.

Such experiments could be repeated with study strains with

different mechanisms of gene exchange. It might not prove

possible to simulate the entire process of speciation in the

laboratory, even for prokaryotes with fast generation times.

However, the effects of selection and origin of reduced

recombination between diverging populations can be

studied in greater depth, and therefore provide evidence for

mechanisms invoked by observational studies using retro-

spective sequence analysis of bacterial clusters.

To conclude, similarly to the field of eukaryote specia-

tion, there remain differing opinions on how important

barriers to recombination are for prokaryote speciation.

Some argue that recombination is never strong enough

to oppose speciation driven by divergent selection

(Wiedenbeck and Cohan 2011). For others, the develop-

ment of barriers to recombination still plays an important

role in allowing divergence to occur, even if (as seems

likely) divergence is predominantly driven by selection

(e.g. Sheppard et al. 2008). The examples described above

show how the importance of recombinational barriers for

divergence can be investigated: more studies are now

needed that consider these mechanisms in tandem with

ecological mechanisms, discussed further in the next sec-

tion, across a range of taxa with differing levels and

mechanisms of gene exchange.

Ecological Speciation

Frederick Cohan and colleagues pioneered evolutionary

definitions of bacterial species (and of clonally reproducing

organisms in general) by considering how specialization to

different ecological niches causes diversification (Cohan

2001, 2006). Even with strictly clonal reproduction, in

which traditional ideas of speciation based on reproductive

isolation do not apply, specialization to distinct niches can

cause the emergence of independently evolving genetic

clusters. Mutations that are beneficial for survival and

reproduction in a particular niche spread within the genetic

cluster of individuals adapted to that niche but not into

genetic clusters adapted to other niches. Variation within

each cluster depends on the effective population size and

the frequency with which selective sweeps occur within

each cluster. Genetic divergence between clusters increases

linearly with time, as long as the clusters remain inde-

pendently limited, i.e. as long as descendants of one cluster

cannot replace the descendants of the other cluster.

Therefore, as long as distinct ecological niches are present,

and those niches persist long enough for genetic divergence

to occur, then discrete and independently evolving clusters

are expected to evolve. In some scenarios, the pattern of

selection pressures across a clade could lead to more

complex scenarios, for example with globally beneficial

mutations occasionally spreading and reducing variation in

the clade, followed by specialization and divergence into

distinct locally adapted clusters. Or there could be hierar-

chical levels of divergent selection producing clustering at
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multiple levels: for example, a set of species sharing the

same abiotic environmental niche, but diversified into

different resource use niches (see Wiedenbeck and Cohan

2011).

Koeppel et al. (2008) used simulations of these origi-

nally verbal models to test for the existence of discrete

clusters (in their terminology, ecotypes) in members of the

in Bacillus simplex and Bacillus subtilis–Bacillus licheni-

formis complex from dry canyons in Israel. Based on

analyses of gene trees reconstructed from four genes, they

found evidence for nine ecotypes in B. simplex and 17

ecotypes in the B. subtilis—licheniformes complex. Eco-

logical distinctiveness was further evident from significant

habitat differences and differences in heat tolerance

between ecotypes. The simulation model assumes that

ecological divergence is the force behind divergence

into clusters. In principle alternative processes could lead

to distinct clustering, such as geographical isolation

(Barraclough et al. 2003; Fontaneto et al. 2007). Whether

this is a common mechanism in bacteria is questionable,

due to presumed high dispersal rates (Roberts and Cohan

1995; Whitaker 2006), although there is distance decay of

genetic similarity in bacterial populations (Vos et al. 2009)

and it remains theoretically possible. An alternative

approach to detect clusters is therefore to remain agnostic

about mechanism and to test for independently evolving

genetic clusters. One such method is the generalized mixed

Yule coalescent (GMYC) approach, which uses likelihood

models of evolutionary branching to detect genetic clusters

separated from each other by longer internal branches. First

developed for asexual rotifers and for species delimitation

in groups of insects (Pons et al. 2006; Fontaneto et al.

2007), it has also been applied to 16S data for bacteria

(Barraclough et al. 2009). There are pros and cons to the

two approaches: the Koeppel et al. (2008) simulations have

the advantage of estimating parameters of biological

interest, but as simulation methods they are more com-

puter-intensive and cannot readily be applied to large

datasets of the scale of Acinas et al. (2004) or Barraclough

et al. (2009).

Other studies have tested ecotype theories of bacterial

speciation by combining genetic and ecological data. Hunt

et al. (2008) used associations between genetic clades and

ecological characteristics of the size fraction of particles on

which the bacteria grow (with free-living bacteria being

sampled in the smallest size fraction) and seasonality to

delimit ecotypes in bacterial plankton (family: Vibriona-

ceae). In principle, incorporation of ecological data could

greatly enhance detection of species entities, compared to

the use of arbitrary DNA markers (Barraclough 2010).

However, for many bacteria, key ecological differences

such as specialized resource use are likely to be hard to

quantify relative to assembling DNA sequence data. Whole

genome sequencing offers major opportunities: with whole

genomes sequenced from multiple isolates, population

genetic tests can be used to identify regions of the genome

under divergent selection (Vos 2011), and these can be

used to test directly for the presence of ecotypes. For

example, Luo et al. (2011) sequenced whole genomes of

environmental isolates of E. coli and identified sets of

genes associated with environmental versus enteric (i.e.

living within host guts) lifestyles. Environmental isolates

and enteric isolates differed in sets of genes relating to the

use of particular energy sources, for example diol utiliza-

tion in environmental isolates compared with fucose utili-

zation in enteric isolates. Enteric isolates also contained

several prophage genes in line with the distinct viral

communities present in hosts compared to the environment.

Such data provide direct evidence for ecotype divergence,

yet are possible to compile across broad samples of iso-

lates, necessary for delimiting units of diversification

within wider clades.

Ecotype theories as originally proposed apply particu-

larly to populations with low rates of recombination. If

recombination rates were high enough, and if two ecotypes

came into contact and exchanged genes, then genes asso-

ciated with the two ecological niches would be shuffled up

(Felsenstein 1981). In this case, divergence and coexis-

tence in sympatry would require an additional mechanism

to prevent gene exchange between the two emerging eco-

types—equivalent to the need for traits maintaining

reproductive isolation in sexual eukaryotes. Alternatively,

if only one or a few gene regions were important for

adapting to the two niches, then clustering might arise just

at those regions—arguably equivalent to adaptive poly-

morphism or ecotypes in sexual species if just based on one

genomic region. Under these scenarios, marker genes such

as 16S rRNA or the multiple housekeeping genes analyzed

for multi-locus approaches would only show genetic clus-

tering if they were linked to ecologically divergent genes or

if divergent selection led to mechanisms for restricting

gene exchange between ecotypes across the entire genome.

A recent study of the Archaeon Sulfolobus islandicus

considered the possibility of genomic ‘islands’ of diver-

gence in detail (Cadillo-Quiroz et al. 2012). By sequencing

whole genomes from strains across several hot springs, two

coexisting groups were identified that had lower levels of

homologous recombination between them than within

them. However, based on patterns of recombination and

divergence across the genome, the authors inferred that

there was no decay in recombination rates purely with

genetic distance (as discussed above). Instead, they argued

that ecological divergence was driving and maintaining

genetic divergence, which varied in extent across the

genome and was most pronounced in three genomic islands

containing genes of putative ecological significance
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(Cadillo-Quiroz et al. 2012). Although the reduced

recombination between the two forms was not unambigu-

ously attributed to ecological forces (there remained the

possibility for additional undetected mechanisms), the

pattern of genomic divergence matched theoretical expec-

tations under ecological divergence.

Whether recombination would act against ecological

divergence depends on the relative strength of selection

and the rate of recombination. Cohan (1994) and

Wiedenbeck and Cohan (2011) argue that recombination

rates in bacteria are never high enough to counteract

adaptive divergence between populations. However, as

discussed in the BARRIERS TO RECOMBINATION section,

recombination rates are high enough in many bacteria to

maintain cohesion in neutral markers (Fraser et al. 2007);

for example, marker loci were found to be at linkage

equilibrium in a study of recombination and population

structure in Streptomyces flavogriseus (Doroghazi and

Buckley 2010). Furthermore, the example of pherotypes in

S. pneumoniae demonstrates that ecologically divergent

taxa are sometimes associated with specific mechanisms

that prevent gene exchange (Carrolo et al. 2009). Recent

contact between ecologically divergent populations has

also been proposed to lead to loss of diversity through

genetic exchange (Sheppard et al. 2008). In the light of

these examples, and because recombination and divergent

selection are the two key processes expected in theory to

shape patterns of diversification, it remains important to

consider both processes in understanding patterns and

causes of bacterial diversification.

Horizontal Gene Transfer

The ideas outlined in the ‘‘Barriers to recombination’’

section concern recombination occurring between geneti-

cally similar isolates, which is broadly analogous to

recombination in sexual populations. In prokaryotes, more

frequently than in multicellular eukaryotes, gene exchange

between distant relatives also occurs (Ochman et al. 2000).

Horizontal gene transfer (HGT) might occur initially via a

vector such as plasmids or phages, and genes are later

incorporated into the host cell genome. Transformation

might also play a role, although this process usually

requires regions of homology between the donor and

recipient, and is therefore less likely between distant rela-

tives. Gene exchange between distant relatives, almost by

definition, occurs too rarely to act as a homogenizing force

on core genomes. Instead, it can influence patterns of

diversity by transferring adaptations between species.

There are several possible outcomes (discussed in

Wiedenbeck and Cohan 2011):

(1) Horizontal transfer might enhance the recipient’s

fitness in its own niche. This could be an important

mechanism for bacterial adaptation, but it is not

expected to impact on patterns of diversity, as donor

and recipient would still occupy the same niches as

before transfer occurred.

(2) Horizontal transfer might create a genotype able to

occupy a new niche not accessible to either the donor

or recipient. If there were no cost to fitness in the

ancestral niche, then this would lead to niche

expansion but not divergence into two distinct species

(Wiedenbeck and Cohan 2011). Divergence addition-

ally requires that there is a trade-off between fitness in

the new niche and the ancestral niches, in which case

the new recombinant genotype will diverge into a

new and distinct genetic cluster within the clade. This

mechanism is akin to hybrid speciation in sexual

eukaryotes (Arnold and Martin 2010).

(3) HGT might transfer a niche-partitioning trait involved

in coexistence of species within a clade, i.e. genes

enabling a species to occupy a given niche are

transferred into a second species occupying a differ-

ent niche. If the recombinant genotype had higher

fitness than the donor genotype in the donor’s niche,

the recombinant genotype would displace the donor

in its own niche. This would lead to a short-term

decline in diversity, as the donor is driven extinct. If,

however, there remained a fitness trade-off between

the two niches, the recombinant genotype would start

to diverge from the population occupying the

recipient’s original niche, restoring diversity. Alter-

natively, the recombinant genotype might have lower

fitness than either the original recipient or donor

genotypes. If adaptation to a particular niche involves

multiple genes dispersed through the genome, then a

single event is unlikely to transfer sufficient material

to convey enough fitness benefit in the donor’s niche.

Even if a niche trait can be encoded in a single piece

of DNA, the gene might have negative interactions

with the recipient genome, because it has not evolved

within that genetic background. In this case, the

recombinant genotype would be selected against and

have no impact on diversity patterns in the clade.

(4). Horizontal transfer of a gene encoding for barriers to

gene exchange, such as the pherotypes identified in

S. pneumoniae (Carrolo et al. 2009), could remove

barriers to recombination between species. With

sufficiently high levels of gene exchange for a long

enough period, this could erode genetic differences

between them, although any gene regions under

strong enough divergent selection would be pre-

served as divergent between the species—genes
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under uniform directional selection in both species

would spread rapidly between them.

In general, HGT provides an additional source of vari-

ation for differences between species. The same kinds of

variation could also arise, in principle, by mutation or

rearrangements within a single genome, but de novo

mutations are unlikely to convey as extreme changes in

function as the acquisition of novel, pre-adapted genes

(Perron et al. 2011). Certain traits are more likely to be

associated with HGT than others (Wiedenbeck and Cohan

2011). Many known cases of HGT relate to environmental-

filtering (also called beta-niche traits in the ecological lit-

erature, Ackerly 2003), i.e. the acquisition of a trait like

antibiotic resistance or heavy metal tolerance without

which survival in a given habitat is impossible. In these

cases, there is a strong selective filter on bacteria invading

the habitat to have that trait, and such habitats therefore

select for either bacteria already possessing the trait or

those able to acquire it by HGT: de novo evolution of the

trait within a single genome is less likely. (Although note

that the fitness benefits of genes transferred on plasmids

can also be frequency-dependent, meaning that not all

inhabitants require the trait, Ellis et al. 2007). Perhaps these

are also traits that can be endowed by a single gene or

relatively few genes. In contrast, niche-partitioning traits

that differ among co-occurring species in a community

(also called alpha-niche traits in the ecological literature,

Ackerly 2003) might more often depend on resource uti-

lization profiles and the relative expression of suites of

metabolic pathways that are less easily transferred in a

single event. Furthermore, there is not the same selective

filter for bacteria to acquire alpha niche traits as there is for

beta niche traits. Environments requiring traits involving

point substitutions across multiple loci might select for

invasion by mutator genotypes, rather than those able to

acquire genes by horizontal transfer.

As argued by Wiedenbeck and Cohan (2011), compari-

sons of closely related strains are needed to test the role of

HGT in bacterial speciation. Many studies have inferred

HGT by comparing more distantly related taxa, which con-

firms the importance of HGT for acquisition of new func-

tions, but does not necessarily demonstrate that HGT played

a major role in the initial ecological divergence or emergence

of barriers to recombination leading to divergence of a

common ancestor. Cases of HGT have been shown to dis-

tinguish closely related ecotypes found in the enteric versus

environmental E. coli discussed above (Luo et al. 2011), in

gut versus dairy ecotypes of Lactobacillus (O’Sullivan et al.

2009), in isolates of Pseudomonas putida from polluted

versus unpolluted soil (Wu et al. 2011), and marine bacterial

plankton from high and low phosphate regions (Martiny et al.

2009, reviewed in Wiedenbeck and Cohan 2011).

Much of what we know about the evolutionary conse-

quences of HGT comes from retrospective sequence anal-

yses. As more and more genome sequence data accumulate,

there is scope for more precise mapping of arenas of HGT.

Do successful HGT events purely reflect opportunity or are

there mechanisms that restrict transfers to subsets of taxa

within a wider potential network of donors and recipients?

Metagenome sequencing offers potential for reconstructing

networks of HGT within communities of co-occurring

species (c.f. Smillie et al. 2011), perhaps combined with

experimental manipulations perturbing a community, for

example by adding an antibiotic and tracking origins of

resistance by de novo mutation versus transfer of pre-

existing resistance mutations. There is also a need for

experimental studies investigating the costs and benefits of

HGT. Most laboratory studies of evolution in bacteria to

date have used clonal populations (but see Cooper 2007;

Baltrus et al. 2008; Perron et al. 2011), and there is a need to

establish a broader set of study systems across the spectrum

of levels of recombination and with different mechanisms

of transferring genes.

Integrating Ecological and Recombinational

Approaches

Many biologists remain skeptical about using the term

‘species’ for bacteria, and qualify its use with ‘whatever

they are’ or the assertion that bacteria do not diversify into

species. However, application of evolutionary concepts to

bacteria as described above shows that similar processes to

those operating in sexual eukaryotes can lead to similar

patterns of phenotypic and genetic clustering, and to the

emergence of non-recombining groups, as observed in

sexual clades. Patterns of speciation are often complex in

sexual eukaryotes as well, and different signatures of

independent evolution can give different answers—some of

the uncertainty regarding species limits is shared in both

kinds of organisms. The wide variety of mechanisms for

recombination (or its absence) in bacteria does lead to a

richer range of possible outcomes than in sexual eukary-

otes, but population genetic theory and analyses provide

the tools to navigate and understand this range of

outcomes.

More quantitative investigations are needed into patterns

of diversity in representative bacterial clades and the

evolutionary forces shaping those patterns. Do study clades

fall into simple, independently evolving units of diversity

equivalent to species, or is a more complex model of

diversity needed encompassing different hierarchical levels

of interactions? Do the patterns we observe across clades

with different levels of recombination match those
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predicted from theory? For example, with samples of

multiple genes from large numbers of isolates across a

wider clade, it is possible to test directly for patterns of

recombination among isolates: can we detect discrete

groups that represent arenas of recombination? Recent

studies have begun such comparisons (e.g. Didelot et al.

2011, Cadillo-Quiroz et al. 2012), although the key step of

delimiting groups (i.e. deciding which grouping to assign

as evolutionary significant units) mostly still involves

informal approaches to choose which groupings to con-

sider. To answer the questions we pose, formal statistical

methods are needed that consider alternative hypotheses

for grouping of isolates against a null model that all isolates

belong to a single clade with a specified homogeneous

recombination rate. The Structure software performs this

kind of assignment, but assumes that populations are

unrelated, rather than derived by evolutionary branching

from a common ancestor. Ideally, methods that combine

population assignment with genealogical analysis of evo-

lutionary history are needed.

By sampling ecologically relevant genes, such as those

involved in virulence or resource use, we can similarly test

directly for units of divergent selection: groups of isolates

that experience purifying selection on particular protein

sequences but for which there is divergent selection acting

between those groups. Current methods for identifying

positive selection do so either without considering species

boundaries or using a priori assignment of species bound-

aries (as in the test of McDonald and Kreitman 1991). New

statistical methods are needed that use patterns of genetic

divergence to test alternative assignments for the units

of diversity being targeted by divergent selection (c.f.

Fontaneto et al. 2007). For example, does divergent

selection on genes involved in virulence of pathogenic

strains act on the same units of diversity identified from

analyses of barriers to recombination from house-keeping

genes used in standard MLST approaches? The same

analyses can be performed for genes on plasmids and other

vectors associating with host genomes to determine arenas

for plasmid transfer and HGT.

The findings from alternative tests can then be synthe-

sized to determine the mode of diversification in the clade.

Do the units of diversity based on patterns of divergent

selection on ecologically important genes coincide with

those identified based on patterns of recombination? One

possible outcome is that all of these tests identify the same

arenas of evolutionary interactions, and that the clade has

indeed diversified into discrete entities that we can call

species (Fig. 1a). An alternative is that the core genome

displays consistent units but some genes are exchanged and

interact within wider arenas (Fig. 1b). It might still be

useful then to use the term species for the patterns obtained

from the core genome, but to delimit and identify

additional arenas of interaction (e.g. via horizontal gene

transfer) at higher levels. Or there might be such a dis-

crepancy of histories and interactions across different parts

of the genome that the species-concept can be abandoned

altogether in favour of a more complex model of diversity

that requires more complex representation. In such cases,

the search would shift to understanding how genes with

disparate histories can come together to form functioning

genomes. Given the likely ubiquity of epistatic interactions

among genes (de Visser et al. 2011), it seems unlikely that

this extreme scenario can apply except among bacteria with

very similar genomes (but see Lawrence and Retchless

2010). The mechanisms inferred from observational studies

can also be tested with laboratory evolution experiments

using culturable model taxa. Many evolution experiments

have treated bacteria as tractable model systems with

which to test ideas for multicellular eukaryotes: to under-

stand mechanisms of bacterial evolution in their own right,

a broader range of experimental organisms is needed

(Buckling et al. 2009), especially using strains with a wider

range of mechanisms of gene exchange rather than just

clonally reproducing laboratory strains.

Recent years have seen a revolution in the availability of

DNA sequence data and in the development of tools to

extract information from those data, such as identifying

genes under selection within whole genomes and recon-

structing recombination events. Tests of the forces gener-

ating diversity and of the evolutionary nature of units of

diversity remain rarer. Yet, identifying the nature of arenas

of selection and recombination in bacteria is critical to

predicting how bacteria evolve in response to changing

environments: how far will beneficial mutations spread and

Fig. 1 Two alternative scenarios for diversity patterns in a hypo-

thetical clade of bacteria. a Simple case in which patterns of ancestry

and genetic clustering of core genes (consensus species tree in grey
shading) and ecological genes (one shown in black) coincide.

b Complex scenario in which ecological genes interact and recombine

across a broader set of individuals than the core genes, therefore

showing clusters that differ from those of core genes. In case

a analysis of core house-keeping genes (summarized by grey
branches) indicates five clusters, and the ancestry of the ecological

gene fits with this scenario except for stochastic differences due to

incomplete lineage sorting (which could be distinguished from hard

incongruence using statistical genealogical analyses). In case b,

however, the pattern of diversity of the ecological gene differs

significantly from the ancestry of the core genes: instead of five

separate clusters, there are two, with four of the grey clusters sharing

copies of the ecological gene derived from a more recent common

ancestor than expected given the branching pattern of the core genes
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what will the consequences be for functional diversity (i.e.

which other lineages will be driven extinct by the spread of

new forms)? The answers to such questions rely on iden-

tifying the nature of species boundaries. The concepts in

this paper are not new, but by revisiting ideas and outlining

testable predictions from sequence data, we hope to stim-

ulate quantitative tests of alternative models of bacteria

diversification.
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